We have demonstrated an all-fiber high-order circularly polarized (CP) orbital angular momentum (OAM) modes (de)multiplexing system based on second-order mode selective couplers (SMSCs). Such SMSCs combining standard single mode fiber and ring core fiber (RCF) are fabricated by a fusing and pulling technique, in which the RCF supports second-order vector modes (HE 31 and EH 11 ). During a pulling process, the HE 31 and EH 11 modes could be excited along the coupling region through evanescent wave interaction. By adjusting the polarization states, the excited secondorder modes are transformed into two sets of second-order CP OAM (CP-OAM ±2 ) modes and then transmit along the RCF. The second-order CP-OAM ±2 modes, carrying a 2.95-Gb/s orthogonal frequency division multiplexing signals filled with the 16-level quadrature amplitude modulation signals, are successfully (de)multiplexed and propagated over a 3.7-km RCF. The experimental investigations show that the developed system to multiplex and transmit CP-OAM ±2 can achieve forward error correction threshold that the received optical power is larger than −13 dBm. The obtained results show that the OAM modes can be generated, (de)multiplexed, and effectively transmitted in the RCF with favorable performance by the designed SMSCs.
Introduction
Driven by the demand of rapidly increasing capacity in optical networks, the exploration of new dimensions for multiplexing optical data channels has attracted much attention in recent years. In addition to the conventional multiplexing schemes including wavelength-division multiplexing (WDM) and polarization-division multiplexing (PDM), multiplexing independent data channels using spatial degree of freedom, namely spatial-division multiplexing (SDM), is attracting more and more interests [1] - [3] . For SDM, the orbital angular momentum (OAM) modes achieving mode-division multiplexing (MDM) are expected to provide new potential applications in optical fiber communication systems [4] , [5] . The OAM mode has a helically phased beam (twisted light) composed of an azimuthal phase term of exp(ilϕ), possessing an OAM of l per photon, where l is referred to the topological charge and ϕ is the azimuthal angle. Because of the orthogonal property among different spatial modes, in principle, an infinite number of multiplexing channels can be achieved by using different OAM modes to represent different channels.
In general, the generation and multiplexing of OAM beams in the SDM transmission system have been widely implemented in free space, such as spatial light modulators [6] - [11] , silicon chips [12] , spiral phase plate [13] and so on. However, such special optical components are susceptible to environmental disturbances and difficult to achieve optical alignment, which increases inevitably the difficulties of implementing OAMs modes in practical applications. Moreover, the used special optical components are relatively expensive. In order to improve the compatibility between the OAM-supported fibers and the existing single mode fiber (SMF) systems, it is a laudable goal to achieve flexible all-fiber OAM modes transmission and (de)multiplexing design. A number of methods to generate OAM modes with all-fiber structures have been studied including long period fiber gratings (LPGs) [14] - [17] , offset splicing technology [18] , exerting pressure technology [19] , and mode selective coupler (MSC) [20] - [22] . However, the offset splicing and the exerting pressure technologies have less efficiency and lower modal purity, and the LPGs scheme has a relatively limited spectral range. In contrast, the MSC provides an alternative approach with wider spectral range, higher modal purity, good compactness, and compatibility. The MSC is stable and reliable when it is fabricated in the form of a fused-type coupler. Such MSC can couple HE 11 mode in a SMF into higher-order modes in a few-mode fiber (FMF) or a ring core fiber (RCF) [20] - [22] . Previous reports have demonstrated an OAM-based MDM by using an all-fiber fused mode selective coupler [23] - [25] . Furthermore, some efforts have been made on the mode coupling between the fundamental mode (HE 11 ) in a SMF and a selected higher-order linearly polarized mode in a FMF [26] , [27] . However, the selectively excited OAM modes within a mode group (MG) in typical FMFs cannot maintain the propagation stability using such couplers, as the targeted mode in the FMF is nearly degenerated with other OAM modes comprised of the identical even/odd HE or EH eigenmodes [20] . And these published works only focused on the first-order OAM modes.
In this work, an all-fiber high-order circularly polarized (CP) OAM modes (de)multiplexing system based on second-order mode selective couplers (SMSCs) is proposed and demonstrated. The SMSCs are fabricated by a fusing and pulling technique. The RCF supporting second-order OAM modes is used in the coupler fabrication processing combined with SMF. Assisted by the pre-pulling technology, the second-order modes, HE 31 and EH 11 , are excited along the coupling region through evanescent wave interaction. Furthermore, by adjusting the polarization states, the excited secondorder modes are converted to two sets of second-order circularly polarized OAM (CP-OAM ±2 ) modes and transmitted along the RCF. The second-order CP-OAM ±2 modes, carrying a 2.95 -Gb/s orthogonal frequency division multiplexing (OFDM) signals filled with the 16-level quadrature amplitude modulation (16-QAM) signals, are successfully (de)multiplexed and propagated over a 3.7-km RCF by the SMSCs. The experimental investigations show that the developed system to multiplex and transmit CP-OAM ±2 can achieve forward error correction (FEC) threshold that the received optical power is larger than −13 dBm. The obtained results indicate that the OAM modes can be generated, (de)multiplexed, and effectively transmitted in the RCF with favorable performance by the designed SMSCs.
Design and Fabrication of the Second-Order Mode Selective Coupler
The design of the second-order mode selective coupler is based on evanescent wave coupled mode principle. A ring core fiber along with a SMF need to be tapered ensuring the evanescent wave of the coupled modes leakage. In this work, the special fiber with a ring core is selected for transmitting the OAM modes. Figure 1 shows the refractive index profile and its end-face of the RCF in which the maximum ring-cladding index contrast is ∼0.03. Compared with the commonly used FMFs, the RCF supporting OAM modes has the following advantages: 1) the refractive index profile matches the donut shaped OAM modal fields; 2) providing large inter-modal groups refractive index difference n eff for de-coupling mode groups.
If the second-order vector modes HE 31 and EH 11 are excited in the RCF, the desired second-order OAM modes can be obtained by introducing π/2 phase shift according to the following relationships:
( 1) where σ represents the circular polarization states with +/− corresponding to left-or right-handed circular polarization, respectively, and F(r) is the electric field amplitude. For the design of the SMSC, in order to achieve high coupling efficient and modal selection, the key factor is ensuring the phase-matching between the fundamental mode (HE 11 ) in the SMF and the targeted high-order mode in the RCF. It is well known that the diameters of the two coupled fibers decrease in the same ratio during the pulling process. Due to the difference in the change of propagation constants related to the diameter decrease, the initial ratio in the diameters of the two fibers needs to be optimized in order to achieve phase-matching condition at the targeted length of the tapered section. Therefore, the dependence of the effective indices on fiber diameter is calculated by a commercial simulation software (Comsol Multiphysics) for the RCF and the SMF, as shown in Fig. 2(a) . The thinner the cladding radius, the lower the mode effective index. The optimum diameter is determined when the phase of fundamental mode is matched to that of the desired second-order mode. Note that under the diameter ratio of the SMF to the RCF, the phase matching cannot be satisfied with the changeable diameters. As indicated with red dashed lines in Fig. 2(a) , the n eff of HE 11 in the SMF is 1.4415 at a tapered cladding radius of r 6.9 μm when the OAM ±2 modes in the RCF shows the same n eff at the tapered cladding radius of r' 15.4 μm. Obviously, the diameter ratio of the SMF to the RCF is ∼0.45. Therefore, the diameter of the SMF should be pre-tapered to 57 μm considering the ring core fiber cladding with the diameter of 125 μm.
In order to provide a guidance to the fabrication of the SMSC, we further simulate the modes coupling process along the tapered region based on a finite difference beam propagation method (FD-BPM, Rsoft) by using the aforementioned parameters. According to the pre-tapered design, the cladding radii of SMF and the RCF are set as 6.9 μm and 15.4 μm, respectively. The distance of two tapered fiber is set as 0 μm, the coupling region length is set to 10 mm. When the HE 11 mode is launched into the SMSC from the SMF, it can be coupled almost into the tapered RCF during the mode propagating along the coupler. From the mode field in the tapered RCF as shown in Figs. 2(b) and 2(c), we can confirm that the second order mode can be excited. With increasing transmission distance, the mode coupling presents beating process between the tapered SMF and the RCF. The number of beating period depends on the coupling strength and the length of the coupling region. The coupling efficient of 65% is achieved at the coupling beat length.
According to the design of the SMSC, we fabricated the SMSC based on the fusing and pulling technique with an oxyhydrogen flame heating source. In order to ensure the exact touching, the pre-tapered SMF and the RCF are twisted together. During the pulling process, a light source of 1550 nm in wavelength is input through the SMF port and the output of the RCF is monitored online by using a photo detector. The pulling process can be terminated if the targeted coupled power is reached. The length of the whole modified fiber is about from 15 mm to 20 mm. The insertion loss of fabricated SMSC is measured to be 4.12 dB, while the excess loss is about 3.5 dB at 1550 nm. The pulled coupler is mounted and glued into a silica V-groove. Further, the V-groove is packaged into a steel tube to be protected.
Generation of High-Order Circularly Polarized OAM Modes
By using the fabricated SMSC, we have investigated the generation and multiplexing of secondorder OAM modes in the RCF. The experimental setup is shown in Fig. 3(a) . The linear polarized fundamental mode Gaussian beam emitting from a tunable polarized laser (TSL-710) is split into two branches by a 3-dB polarization-maintaining coupler-1 (PMC1). The lower branch is used to generate the multiplexed OAM ±2 modes, and the upper branch is used as a reference beam to interfere with the generated OAM ±2 modes. The lower branch is also split into two paths by a 3-dB polarization-maintaining coupler-2 (PMC2) to excite two orthogonal linear polarized modes. The polarization beam combiner (PBC) is then employed to combine two orthogonal linear polarized beams into the SMF input port of SMSC. The polarization controller (PC1) is used to change the two orthogonal linear polarized modes to left-handed and right-handed circularly polarized fundamental modes (LCP and RCP). The SMSC converts the LCP and the RCP modes in the SMF to secondorder modes in the RCF. To obtain the desired OAM ±2 beams, PC2 is necessary to enable good performance of the SMSC. By rotating the PC2, the second-order modes can be aligned to different directions. When the two in-phase orthogonal modes pass through a short-length RCF stressed by PC2, a phase difference may appear between the two orthogonal modes. By adjusting the pressure appropriately, the two orthogonal modes can achieve a π/2 (-j) phase difference at the end of the RCF, as required in Eq. (1). Here the LCP-OAM +2 and RCP-OAM −2 modes (or LCP-OAM −2 and RCP-OAM +2 ) can be excited selectively by tuning the rotation angle and applied pressure in the PC2. Figure 3(b) shows the OAM generation at the output of PC2 at different states of PC2 when only one output of the PMC2 is connected to the fiber link.
To characterize the polarization and the OAM states of the generated modes, a circularly polarized interference apparatus is added after the RCF output. The non-polarizing beam-splitter (NPBS) and the mirror are used to combine the output beam and the reference beam from the upper branch. To balance the optical power of the two beams, a variable optical attenuator (VOA) is introduced in the upper branch. A quarter wave plate (QWP) is added after the NPBS to transfer the circular polarization beams to liner polarization beams. The linear polarizer (LP) is rotated after the QWP to analyze the polarization state. Finally, an infrared camera (HAMAMATSU InGaAs Camera C10633) is used to record the patterns of the output beam.
The two generated OAM modes are characterized individually by disconnecting the fiber optic adapter (FOA-A or FOA-B) in Fig. 3 successively. The doughnut mode intensity pattern out of the RCF can be observed clearly in Fig. 4 . By making interference between the generated OAM mode and the referenced Gaussian beam with only connecting FOA-A, a left-handed spiral is observed, which represents the topological charge +2 of the OAM mode. As rotating the LP, the output keeps the doughnut pattern, but its intensity varies evidently, as shown in Fig. 4(a) . By using a power meter, the output power is tested as −1.62, −4.41 and −14.54 dBm for the LP optical axis of 0°, 45°and 90°, respectively. An extinction ratio of approximate12.92 dB is achieved, indicating that the output beam presents left-handed circular polarization state. Based on the above feature of the OAM and polarization states, we can conclude LCP-OAM +2 is generated by using the SMSC. Similarly, the output mode is also characterized through the interference pattern and the polarization analysis with only connecting FOA-B. As shown in Fig. 4(b) , the helicity direction of the interference pattern is a right-handed spiral. The output power is tested as −13.14, −4.39 and −1.78 dBm after the polarizer and the extinction ratio of approximate 11.36 dB is achieved. The results mean the generation of the RCP-OAM −2 mode. By connecting the fiber optic adapters (FOA-A and FOA-B) together, the multiplexed OAM ±2 modes can be realized, as shown in Fig. 4(c) .
Multiplexing and Transmission of High-order Circularly Polarized OAM modes
Utilizing the SMSCs, we have investigated their application in OAM modes multiplexing transmission system. Figure 5 shows experimental setup of the transmission system. The 16-QAM-OFDM signals transmission system in two different channels are built for the demonstration of the proposed OAM ±2 SMSCs scheme. In the signal transmission section, an arbitrary waveform generator (AWG) is used to send 16-QAM-OFDM signals by low-pass filter to a distributed feedback laser for electro-optical modulation. Then, the data carried by Gaussian beams in each channel is transmitted to the PBC through a polarization maintaining fiber (PMF). The PBC is used to convert the input light to two orthogonally linear polarization beams. The PC1 is employed to change two orthogonal linear polarized modes to RCP and LCP modes. After finishing the above steps, the generated OAM ±2 modes by the SMSC1 transmit through a 3.7-km RCF. The SMSC2 and the polarization beam splitter (PBS) demodulate the multiplexed OAM modes. The SMSC2 converts the OAM ±2 modes to RCP and LCP fundamental modes. The optical signal is amplitude modulation direct detected (AM-DD) with photodiodes (PIDs). Two discrete signals are stored in the digital storage oscilloscope at the same time and used for offline processing. The relevant parameters of 16-QAM-OFDM signals for our communication experiments are listed in Table 1 . In our work, we have considered the training overhead and CP length [28] , so that the effective data rate is 2.95 Gb/s.
We first characterize the transmission performance of the OAM modes over the 3.7-km RCF. The measured output OAM +2 , OAM −2 and multiplexed OAM ±2 intensity patterns, interferograms and demodulated Gaussian-like intensity patterns are shown in the Fig. 6 . One can see doughnut intensity profiles of the OAM modes with phase singularity at the beam center. In the interferograms measured by the interference between the OAM modes a reference Gaussian beam, the number of twists indicates the magnitude of l = 2, with the sign implied by the twist direction. The back converted Gaussian-like modes, having bright spot at the mode center, are obtained by the SMSC2 as shown in Fig. 6(c) . The multiplexed OAM ±2 modes can be realized, as shown in Fig. 6(d) . In the experiment, as infrared camera exposure time influences the brightness of mode intensity, it should be kept consistent for different mode observation. For the OAM modes are simultaneously excited, the state of PC needs to be compromised and thus each OAM mode is deviated from their optimal coupling to some extent, where the intensity profiles are not a standard circle. The total coupling and transmission loss of OAM +2 , OAM −2 and multiplexed OAM ±2 from the input mode exciting element to output mode filtering element over 3.7-km RCF are measured to be about 9, 9.4 and 11.3 dB, respectively. The loss is mainly due to the insertion loss of the two SMSCs and the non-perfect splicing.
To evaluate the performance of the proposed scheme, the bit-error rate (BER) and constellation graphs are given in Fig. 7 , in which the dotted line stands for the threshold of FEC (3.8 × 10 −3 ) with 7% overhead. Figure 7 (a) demonstrates that the received optical power are −15 dBm or −13 dBm at the 3.8×10 −3 when only OAM +2 or OAM −2 is propagated through the 3.7-km RCF. In addition, when the OAM +2 and the OAM −2 are multiplexed and propagated over the 3.7-km RCF, the measured BER performances with respect to the OAM +2 and the OAM −2 decline by 2.5 dB and 2 dB, respectively. Moreover, in Fig. 7(b) also illustrates the measured constellation graphs with respect to the above four cases at received optical power is −13 dBm. Obviously, compared to the first two cases, the corresponding constellation graphs (16-QAM) at the following line become indistinct and diffuse when OAM +2 and OAM −2 are multiplexed propagated through the 3.7-km RCF. The measured constellation graphs agree well with the corresponding BER curves. The aforementioned degradation phenomenon can be explained that the crosstalk among OAM +2 and OAM −2 is enhanced when both OAM beams are multiplexed and propagated.
Conclusions
In summary, we design and fabricate an all-fiber fused second-order mode selective coupler for the excitation of the CP-OAM ±2 modes in a RCF for the first time to the best of our knowledge. We experimentally demonstrated that two orthogonal second-order OAM modes carrying 2.95 Gb/s signals are (de)multiplexed based on fused SMSCs and transmitted over the 3.7-km RCF. The system can achieve forward error correction (FEC) threshold when the received optical power is larger than −13 dBm, which indicates a favorable transmission performance. For the first-order OAM modes, the average conversion efficiency of mode selective fiber coupler is about ∼60% [21] . For the second-order OAM modes, the investigation of conversion efficiency and mode purity is in process. For higher-order (l > 2) OAM mode generation in mode selective fiber coupler, the challenge of diameter control in the pre-pulled process needs to be overcome. Our proof of concept demonstration of all-fiber SMSC OAM modes multiplexing in RCF may open a new door for OAM-based MDM optical fiber communication.
